and DT40-CstF64 (Takagaki and Manley, 1998), which each contain another tetpletion of ASF/SF2, followed by cell-cycle arrest and apoptotic cell death (X.L., J. Wang, and J.L.M., unpubregulated essential gene, TAF9 or CstF64, respectively. Significantly, no tet-resistant colonies appeared followlished data). To gain more insight into the events triggered by ASF/SF2 depletion, we set out to establish a ing depletion of TAF9 or CstF64 by tet treatment ( Figure  1B ). These data indicate that ASF/SF2 depletion specicomplementation assay to rescue viability of ASF/SF2-depleted cells. Surprisingly, although we identified sevfically resulted in high reversion of the tet-sensitive phenotype, suggesting that the depleted cells became eral candidate suppressors (data not shown), a large majority of surviving colonies were tet-resistant muhypermutagenic. We next wished to determine whether hypermutation tants in which ASF/SF2 expression escaped tetracycline regulation. In such cells, ASF/SF2 expression was of an endogenous gene could be detected following ASF/SF2 depletion and also whether a transient period constant in the presence or absence of tet (e.g., Figure  1A ). To rule out the possibility that the tet-resistant colof ASF/SF2 depletion could induce hypermutation. To test this, DT40-ASF cells were treated with tet for 2 onies resulted from a spontaneous mutation existing in the initial cell population, we examined reversion of the days, allowed to recover for 3 days, and then plated in medium containing F 3 TdR to select for cells lacking tet-sensitive phenotype after recloning the DT40-ASF cells by minimal dilution. Numerous tet-resistant colofunctional thymidine kinase (TK) (see Experimental Procedures). A striking increase in TK-minus cells in the nies appeared after 8-10 days of tet treatment ( Figure  1B ), indicating that reversion was induced by ASF/SF2 tet-treated population was observed ( Figure 1C ), indicating that transient ASF/SF2 depletion can induce a depletion.
We next asked whether reversion of tet-sensitivity significant increase in the mutation frequency of an endogenous gene. was specifically triggered by ASF/SF2 depletion. To test this, we employed two similar DT40 cell lines, DT40-
The above results indicate that ASF/SF2 depletion in-creases the frequency of mutation in DT40 cells. This cells were heterogeneous in size, although a peak around 50 kbp was observed. could reflect either an increase in local mutation frequency or, alternatively, elevated levels of DNA reThe early appearance of γ-H2AX and HMW DNA fragments suggests that this was a direct consequence of arrangements. To distinguish between these possibilities, we constructed a derivative of DT40-ASF cells, ASF/SF2 depletion. However, similar DNA fragmentation can be detected during apoptotic cell death (e.g., DT40-ASF-bls, that contains a blasticidin (bls) resistance gene fused to a minimal, inactive promoter. InBrown et al., 1993). To verify that fragmentation was not an indirect effect of apoptosis, DT40-ASF cells were duction of bls resistance could then be achieved by a DNA translocation allowing juxtaposition of an entreated with tet for various times in the presence or absence of 100 M zVAD-fmk, a caspase inhibitor known hancer/activator sequence in proximity of the transgene. To determine whether ASF/SF2 depletion into prevent HMW DNA fragmentation (e.g., Johnson et al., 2000) . In contrast to its expected inhibitory effect duces bls resistance, DT40-ASF-bls cells were grown 2 days in the presence or absence of tet, allowed to reon cleavage of chromosomal DNA by the apoptosis inducer staurosporine ( Figure 2C, lanes 1 and 2) , zVADcover, and then selected in bls-containing medium (Figure 1D) . ASF/SF2 depletion resulted in a large increase fmk had no effect on accumulation of HMW DNA fragments 24 hr (lanes 3 and 4) and 36 hr (lanes 5 and 6) in bls-resistant colonies, providing strong evidence that the high mutation frequencies detected were due to after tet addition. A slight inhibitory effect was observed 48 hr after tet addition (lanes 7 and 8), which DNA rearrangement.
We pletion. However, cell death was delayed by approxitemplate strand on 8 of 10 clones analyzed ( Figure 6A and Figure S2 ). mately 24 hr ( Figure 4D ). R loop formation induced by ASF/SF2 depletion thus contributes to cell death, but
We next wished to determine whether ASF/SF2 could prevent R loop formation in the in vitro transcription ASF/SF2 must have at least one other function required for cell viability.
reaction. Purified ASF/SF2 was added to reaction mixtures under a variety of conditions, but no effect on the formation of RNase A-resistant products was detected ASF/SF2 Depletion Induces a Specific RNase (e.g., Figure 6D , lanes 2 and 4). This led us to suspect H-Sensitive DSB in the ␤-Actin Gene that an additional factor (or factors) might be required, We next wished to determine whether a specific DSB and one candidate was the RNAP II CTD. To test could be detected and correlated with R loop formation whether the CTD might facilitate ASF/SF2 function, we in a transcribed gene. To this end, we employed ligautilized a T7 RNAP-CTD fusion protein, either directly tion-mediated PCR (LM-PCR) to probe for a DSB (or as purified from E. coli or repurified following incubaDSBs) within the region of the β-actin gene analyzed tion with HeLa nuclear extract in the presence of ATP above ( Figure 5A 
It has been assumed that a major reason for transcripts (lane 8). Treatment with RNase H eliminated these species (lane 3). Confirming that they represent
this integration is to ensure that processing is efficient and accurate. While this may well be so, the data we R loops, treatment of T7 RNAP-transcribed pKS-3×R with sodium bisulfate generated significant C-to-U conhave presented suggest another function: protecting chromosomes from the potentially catastrophic effects versions on the nontemplate but, as in vivo, not the of the nascent transcripts themselves. Below, we disconserved challenge that can have disastrous consequences and that is prevented by diverse mechanisms. cuss how loss of ASF/SF2 leads to extensive R loop formation and how this in turn induces genomic insta-A key aspect of our model is that ASF/SF2 prevents R loop formation by binding to nascent mRNA precurbility involving DSB intermediates. We discuss our results in the context of previous studies that indicate sors, thereby preventing the transcripts from associating with template DNA (Figure 7A ). This function likely that transcription-induced R looping is an evolutionarily overlaps with ASF/SF2's role in splicing. Early in vitro Chamberlin, 1982). Our data showed that the region of the β-actin gene in which R loops were detected in vivo studies showed that ASF/SF2 is able to commit prewas G rich on the nontemplate strand, and our in vitro mRNA substrates to splicing, indicating that it interacts assays revealed that formation of RNA:DNA hybrids ocwith the pre-mRNA at the earliest step in the splicing curred only when transcription was in this orientation. reaction (Fu, 1993) to primer extension by a 25-cycle PCR with a β-actin-specific Purified His-T7 RNAP-CTD was phosphorylated by incubation with primer (RP1; Figure 5A ). The primer-extension product was diluted HeLa cell nuclear extract and repurified under native conditions as (1:1000 to 1:5000) and subjected to two rounds of PCR: 28 cycles described (Hirose and Manley, 1998). All antibodies were purwith a 58°C annealing step, followed by 28-32 cycles with a 60°C chased from Sigma (anti-Actin), Zymed (anti-ASF/SF2), Upstate annealing step. PCRs were performed with linker-specific, nested (anti-phosphohistone-H2AX), Invitrogen (anti-myc), and Covance β-actin-specific primers ( Figure 5A , sequences available upon re-(HA.11 mAb). as a template and a native primer paired with a "converted" primer, DT40-ASF cells were maintained and transfected by electroporathe sequence of which matched the conversions anticipated owing tion as described (Wang et al., 1996) . Stable transfectants were to deamination of C. Amplified fragments were cloned and subselected in medium containing 300 g/ml Zeocin (Invitrogen). For jected to DNA sequencing. pPmin-bls-Zeo stable transfection, blasticidin resistance was verified by incubating aliquots of cells with 10 g/ml blasticidin.
Analysis of R Loop Formation during In Vitro Transcription DNA, Protein, and Cell-Cycle Analysis
Plasmids (1 g) were transcribed in a volume of 20 l for 2 hr at Genomic DNAs were isolated and subjected to Southern blot as 25°C with 1 l of T7 RNAP (Promega), His-T7 RNAP-CTD (w100 described (Wang et al., 1996) . Western blotting and FACS analysis ng), or His-T7 RNAP-CTDP (w150 ng) in the presence of 10 mM were performed as described (Wang et al., 1996) . NaCl, 6 mM MgCl 2 , 2 mM spermidine, 2.6% PVA, 2.5 mM DTT, 600 M (ATP, CTP, CTP), 60 M GTP, and 85 nM [α
32
-P]GTP (3000 Ci/ mmol). Reactions were stopped by heat inactivation (20 min at Tetracycline-Resistance, Blasticidin-Resistance, and Thymidine-Kinase-Mutation Assays 65°C). One microliter of each reaction was used to measure transcription efficiency between different reactions. The remainder was For tetracycline-resistance assays, after 2 days of tet treatment, cells were seeded on 96-well plates at 200, 20, and 2 cells/well. subjected to 1 hr RNase A treatment at 37°C. Where indicated, 1 U RNase H (Promega) was included in the RNase A incubation. SamCells were continuously grown in the presence of 1 g/ml tet for 8 days, and the surviving clones were scored. For blasticidin-resisples were resolved by 6% denaturing PAGE.
